Relative intensity noise (RIN) and high-speed modulation characteristics are investigated for an AlGaInAs/InP hybrid square-rectangular laser (HSRL) with square side length, rectangular length, and width of 15,300, and 2 μm, respectively. Single-mode operation with side-mode suppression larger than 40 dB has been realized for the HSRL over wide variation of the injection currents. In addition, the HSRL exhibits a 3 dB modulation bandwidth of 15.5 GHz, and an RIN nearly approaches standard quantum shot-noise limit 2hv∕P −164 dB∕Hz at high bias currents due to the strong mode selection of the square microcavity. With the increase of the DC bias current of the Fabry-Perot section, significantly enhanced modulation bandwidth and decreased RIN are observed. Furthermore, intrinsic parameters such as resonance frequency, damping factor, and modified SchawlowTownes linewidth are extracted from the noise spectra.
INTRODUCTION
Whispering-gallery mode (WGM) microcavities have attracted increasing attention for potential application as a light source in areas such as optical communication, interconnection, and computing systems for its intrinsic properties such as highquality factor, small mode volume, low power consumption, and suitability for on-chip integration [1] [2] [3] [4] [5] . With increasing demand of high-speed optical communication networks, much effort has been invested into the pursuit of high-speed modulation bandwidth [6] [7] [8] [9] [10] . In addition to the modulation speed in characterizing the transmission quality of optical communication links, system noise also plays an important role because it limits the signal-to-noise ratio. Overall noise is contributed by the thermal noise of the optical link, the shot noise of the photodetector, and, most importantly, the relative intensity noise (RIN) of the laser source. The laser RIN is characterized by the relative optical power fluctuation around the steady-state power level, which is related to the optical interference between the coherent laser mode and the spontaneous light emission as well as the laser mode competition [11] [12] [13] . A laser with low RIN is essential in the pursuit of high signal fidelity and low bit error rate in optical communication systems, particularly when analog information is transmitted. A Fabry-Perot (FP) diode laser with RIN amplitude of −130 dB∕Hz is reported [11] . A tunable sampled-grating distributed Bragg reflector laser with RIN below the photodiode shot noise limit of −160 dB∕Hz is realized [14] . Recently, an oxide vertical-cavity surface-emitting laser achieves a laser RIN almost reaching the standard quantum limit of −154.3 dB∕Hz due to the suppression of the mode competition by shrinking the optical modal dimension [15, 16] . Recently, a hybrid square-rectangular microlaser (HRSL) with strong mode coupling between WGM and FP mode is proposed and demonstrated for stable single-mode operation with a side-mode suppression ratio (SMSR) larger than 40 dB. Enhanced coupling efficiency to a single-mode fiber is also demonstrated due to the modification effect on the output pattern of the hybrid coupled laser [17, 18] . These key merits enable the application of HSRL as a potential light source in optical communication systems and on-chip integrated circuits.
In this paper, we report the direct modulation speed and noise performances of an HSRL. Small signal modulation response and laser RIN characteristics are investigated with the variation of injection current in FP or WGM section while keeping constant of the other one, respectively. A 3 dB bandwidth of 15.5 GHz and a laser RIN almost reaching the standard quantum shot-noise limit are obtained at high bias current. The RIN spectrum shows well-defined peaks at the relaxation oscillation frequency, which is almost in accordance with the resonance peak frequency, as shown in the small signal modulation response curve. Furthermore, inherent parameters such as the resonance frequency, damping factor, and the modified Schawlow-Townes linewidth are extracted from the noise spectra and compared with that obtained by fitting the small signal modulation curves.
STATIC AND DYNAMIC CHARACTERISTICS
A diagram of a hybrid square-rectangular laser is shown in Fig. 1 , which consists of an FP cavity with one of the reflection facets replaced by a square-shaped microcavity. The cavity patterns are formed by deep etching passing through the active region, while the output facet can be formed by both etching and cleavage. Lasing resonances are generated by the mode coupling between the WGMs within the square section and FP modes in the rectangular section. An AlGaInAs/InP laser wafer with the active region consisting of eight compressively strained quantum wells is used to fabricate the HSRLs. The detailed process has been described previously as in Refs. [17, 18] . A microscope image of a fabricated device is shown in Fig. 1 .
After cleaving over the rectangular section to form an output facet, the HSRL is bonded p-side up on an AlN submount with the temperature maintained at 290 K controlled by a thermoelectric cooler. The side length of the square cavity, width, and length of the rectangular cavity are a 15 μm, d 2 μm, and L 300 μm, respectively. The HSRL device is then biased via a 40 GHz microwave picoprobe for the following static, small signal modulation bandwidth, and laser RIN performances measurements. The output power is collected and collimated by a tapered single-mode fiber (SMF). The collected output power versus the FP section current I FP is measured and plotted in Fig. 2(a) , for different square biasing currents I SQ . The threshold currents are 21, 10, 8, and 8 mA, and the coupled maximum output powers are 2.01, 2.60, 3.04, and 3.75 mW for I SQ 0, 5, 10, and 15 mA, respectively. The lasing spectrum is plotted in Fig. 2(b) for the HSRL at injection currents of I FP 48 mA and I SQ 10 mA, measured using an optical spectrum analyzer (OSA) at a resolution of 0.02 nm. Single-mode operation is realized at the lasing wavelength of 1542.51 nm with the SMSR of 46 dB. Detailed lasing spectrum in Fig. 2 (c) shows evident minor peaks around the main lasing peak, which may be contributed by low Q hybrid modes and affect the small signal modulation curves.
The detailed lasing spectra at different injection currents of I FP and I SQ are further shown in Figs Similarly, the lasing spectra, SMSRs, and the dominant mode wavelengths versus I SQ as I FP 45 mA are measured and illustrated in Figs. 3(b) and 3(d). Single-mode lasing with SMSRs over 40 dB around 1542 nm is obtained, as I SQ increases from 3 to 14 mA. Mode hoppings to adjacent FP modes with dips in SMSRs are also observed. The blueshift of the wavelength around I SQ 1 mA is mainly caused by the free carrier dispersion below the threshold for square section, while the wavelength redshift around I SQ 16 mA is due to the heating effect caused by the increase of injection current.
Furthermore, the hybrid-mode linewidth of the HSRL is measured by using a delayed self-heterodyne detection technique. A 120 m long fiber delay line is used in order to balance the need of eliminating the coherence between the two paths and avoiding the 1∕f noise effects [19] . And a 200 MHz acousto-optic modulator is used for frequency shifting. The beating signal is obtained after converting into an electrical signal through a 10 GHz bandwidth photodetector. Figure 4 shows the normalized radio frequency (RF) spectrum of the detected beating signal for the lasing mode of the HSRL as I SQ 10 mA and I FP 50 mA, accompanied by Lorentz fit curve shown by the red solid line. The full width at halfmaximum of the detected signal is 30 MHz, indicating that the lasing linewidth is 15 MHz.
The small signal modulation response of the HSRL is measured using the schematic shown in Ref. [7] . Small-signal modulation together with the bias current is injected into the FP section through a high-speed microwave picoprobe. The lasing output power is coupled into a tapered fiber and detected by a 50 GHz bandwidth high-speed photodetector. The transferred electrical signals are measured by a network analyzer and illustrated in Fig. 5 , with different injection current of I FP and I SQ . As shown in Fig. 5(a) , the 3 dB bandwidth increases from 7.3 to 15.1 GHz with corresponding resonance peak decreasing from 5.6 to 3 dB, as I FP increases from 15 to 50 mA and I SQ 10 mA. In contrast, the small signal modulation response curves vary little, as shown in Fig. 5(b) with a 3 dB modulation bandwidth increase from 14 to 15.5 GHz, as I SQ rises from 5 to 15 mA and I FP 45 mA. Minor peaks around 15 GHz are observed in Figs. 5(a) and 5(b), which may be caused by the photon-photon resonance effect [20] [21] [22] , due to the existence of the minor peaks, as shown in Fig. 2(c) .
The measured response curves are fitted by the small signal modulation transfer function [6] . The fitted resonance frequencies f R versus the square root of the injection current minus the threshold current is shown in Fig. 5(c) . A D-factor of 2.02 GHz∕mA 1∕2 is obtained considering the linear dependence of the resonance frequency on I FP − I th 1∕2 [23, 24] . The resonance frequency saturates at high bias current due to laser self-heating effect and extrinsic parasitic resistance and capacitance of the devices. Moreover, the damping factor γ as a function of the square of resonance frequency f 2 R is shown in Fig. 5(d) with the variations of I FP . Theoretically, the damping factor is related to the resonance frequency by γ γ 0 K f 2 R [23, 24] , and we obtain the K -factor of 0.28 ns by linearly fitting γ versus f 2 R as solid lines. The corresponding intrinsic ultimate damping limited 3 dB modulation bandwidth is evaluated to be 32 GHz when injecting a modulation signal into the FP as I SQ 10 mA based on the relation of f 3 dB;max 2 ffiffi ffi 2 p π∕K [25] , which is potentially achievable with improved cooling methods.
RELATIVE INTENSITY NOISE CHARACTERISTICS
The relative intensity noise is measured for the HSRL using the experimental setup shown in Fig. 6 , under constant direct 
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Vol. 6, No. 3 / March 2018 / Photonics Researchcurrent biasing without microwave modulation input. The laser output is collimated into a tapered SMF and then passes through an optical isolator, followed by being fed into a highspeed photodetector (PD). The optical coupling efficiency to the fiber is estimated to be 50%. A 26.5 GHz bandwidth bias-Tee is then used to split the converted electrical signal into direct current (DC) and alternating current (AC) components, in which the DC signal indicates the detected photocurrent I dc monitored by a digital multimeter, and the AC signal is amplified by two cascaded RF amplifiers each with 20 GHz bandwidth and 20 dB power gain. A 50 GHz bandwidth electrical spectrum analyzer (ESA) is used to measure the amplified microwave signal N RF , which is regarded as the total noise term, including the laser RIN, thermal noise N th , and shot noise of photodetector N shot . Considering that the system thermal noise N th is independent of the optical power, we can measure it by running the setup with the HSRL turned off while keeping the operation of the photodetector and amplifiers. Therefore, the intrinsic laser RIN can be determined by subtracting the thermal noise and photodetector shot noise from the total noise term [26] :
where N shot 2qrP 0 R L 2qI dc R L is the photodetector shot noise power spectral density, which rises proportionally to the detected input power P 0 , i.e., the power coupled into SMF, and the responsivity r of the photodetector, q is the elementary charge, R L is the load resistance, Gf is the total amplifier power gain, and P elec I 2 dc R L is the average output electrical power of the photodetector under P 0 .
The laser RIN spectra are shown in Fig. 7 at different injection currents, for the HSRL. The RIN values decrease quickly with the increase of bias currents, especially with the rising of I FP due to the distinct increase of laser output power and suppression of relaxation oscillation peaks, as shown in Figs. 2(a) and 5(a) . In Fig. 7(b) , slightly lower RIN is observed when increasing I SQ from 5 to 15 mA, which is attributed to the relatively small increase in the photon density. At high bias currents of I FP 45 mA and I SQ 15 mA, the laser RIN nearly approaches the standard shot noise limit [24] 2 hν∕P −164 dB∕Hz corresponding to an output power of 6.5 mW, where P is the total optical output power from the HRSL. The RIN spectra show well-defined peaks at the relaxation oscillation frequency, which corresponds to the resonance peak frequency in small signal modulation response curves, as shown in Figs. 5(a) and 5(b), which confirms the correspondence between small signal modulation curves and RIN spectra. In addition, mode partition noises at the low frequency portion, which mainly come from the mode competition and coupling inside the laser cavity, have been greatly improved due to the high SMSR of the designed HSRL [12, 13] .
The RIN spectra are further fitted based on the formula characterized from rate equation with Langevin noise sources, as given in Refs. [24, 27] :
where f R is the resonance frequency, γ is the damping factor, Δν ST is the modified Schawlow-Townes linewidth, τ ΔN is the differential carrier lifetime, h is the Planck constant, and ν is the optical frequency. The second term in Eq. (2) is the standard quantum noise limit indicating the minimum laser RIN under certain optical power P. Fitting the RIN curves in Figs. 7(a) and 7(b) by Eq. (2), we can obtain four basic parameters: f R , γ, Δν ST , τ ΔN . The resonance frequency f R and damping factor γ are extracted and plotted in Fig. 8 , for the HSRL with the variation of I FP as I SQ 10 mA. As shown in Fig. 8(a) , the resonance frequencies f R are plotted versus I FP − I th 1∕2 with the linear fitting slope D-factor of 2.07 GHz∕mA 1∕2 [23, 24] . The resonance frequency saturates at high bias current due to laser thermal effect. Moreover, the damping factor γ as a function of the square of resonance frequency f 2 R is shown in Fig. 8(b) with the variations of I FP while I SQ is kept constant at 10 mA. We obtain the K -factor of 0.25 ns by linearly fitting γ versus f 2 R as solid lines. The intrinsic ultimate damping limited 3 dB modulation bandwidth is evaluated to be 36 GHz when small signal modulation is injected into the FP section as I SQ 10 mA. The damping factor extracted from the RIN curve is a little bit lower compared with the value obtained by small signal modulation curves, as shown in Fig. 5(d) , which is due to the elimination of the parasitic parameters effect. Furthermore, the extracted modified Schawlow-Townes linewidths Δν ST , which represent the laser field spectral purity considering only the spontaneous emission noise [28] , are estimated to be 0.016-0.27 MHz, which is narrower than the measured value of 15 MHz, as shown in Fig. 4 , due to influence of the carrier fluctuation noise and the circuitry [29] . With further improvements to the thermal effect and circuitry, perfect performances of stable single-mode operation HSRL with high speed and low noise can be realized.
CONCLUSION
In conclusion, we have investigated the modulation speed and noise characteristics of an HRSL, which is composed of an FP cavity with one of the reflection facets replaced by a squareshaped microcavity. High performance of a stable single-mode laser is obtained with SMSR over 40 dB over a large variation range of the injection current due to the strong mode selection of the square microcavity. And 3 dB bandwidth of 15.5 GHz is realized. As a consequence of reduced mode competition and lower carrier population fluctuation caused by the improvement of the SMSR, the HSRL microlaser exhibits excellent noise properties with the laser RIN reaching the standard quantum shot noise limit of −164 dB∕Hz at high bias current with I SQ 15 mA and I FP 45 mA. With simple fabrication process and comparatively low cost, the HRSL with perfect characteristics such as stable single-mode operation, high speed, and low RIN noise is capable of functioning as a potential light source in high-speed optical fiber communications.
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